Inwardly rectifying potassium (Kir 1 ) channels help maintain the resting potential of excitable cells. The property of rectification enables Kir channels to conduct large amounts of potassium ions into the cell, while only permitting small amounts of K ions to flow out. This small efflux of K ions helps drive the cell's resting potential near to the E K of potassium, thereby reducing membrane excitability (1) . Several types of Kir channels exist that are gated by cytoplasmic factors, such as G-protein-gated (Kir3), pH-gated (Kir1), and ATP-gated (Kir6) channels. Kir2 channels are unique in that they are constitutively open, requiring only membrane phospholipids to remain open (1) . Kir2 channels are important for cardiac and neuronal function. Mutant Kir2.1 channels have been implicated in Andersen's syndrome, a disease characterized by developmental physical disfigurements, periodic paralysis, and cardiac arrhythmias (2) . In the brain, mouse knockout studies have shown that the Kir2.1 channel is key in producing vasodilatation in cerebral blood vessels (3) .
Because Kir2 channels are open nearly all the time, cells possess elaborate mechanisms for regulating the number and localization of Kir2 channels in the cell plasma membrane (4) . Kir2 channels are expressed in neurons, where they can associate with PSD proteins such as PSD95 (5) (Figure 1a ). Within the large family of scaffold proteins, there are four different members of PSD or synapse-associated proteins (SAP): SAP97, SAP102, PSD93 (chapsyn-110), and PSD95 (SAP90) (6) . These PSD proteins contain one or more PDZ domains that interact with the C-terminal domains of Kir2 channels and are anchored to the membrane through palmitoylation of two cysteines located at the N-terminus (4, 5, 7) . The PDZ domain is composed of 6 antiparallel strands and two R helices. Typically, a hydrophobic pocket is formed by the A-B loop (GLGF) of the PDZ domain that interacts directly with the side chain of a hydrophobic amino acid at the 0′ position (e.g., Val or Ile) of the channel's C-terminal tail, while the Val's free carboxylate binds to the amide hydrogen of a glycine located on A (8) (9) (10) . In addition to the Val, association of the PDZ domain also involves the amino acids in the -1′ and -2′ positions. The three C-terminal residue motif of the Kir channels for class I PDZ binding is T/S-x-Φ, where Φ denotes a hydrophobic amino acid ( Figure 1b) (9) .
Although each of these PSD proteins has structurally similar PDZ domains, the molecular mechanism for the selective association between the channels and PDZ domains is not well understood. For example, Kir2.1, Kir2.2, and Kir2.3 contain similar PDZ-binding motifs, but Kir2.1 and Kir2.3 bind preferentially to PSD95 while Kir2.2 binds to SAP97 (4, 5, 11 mutation and truncation methods have proposed that more than the last three amino acids of the Kir2 C-terminal tail are involved in determining binding to the PDZ motif (5, 11, 12) . A structure of this region of Kir2 channels with its cognate PDZ domain could help reveal a more detailed mechanism of binding specificity. Recent structural studies utilizing a N-C terminal fusion that contained the entire C-terminal end of Kir2.1, Kir2.1 L (44-64 fused to 189-428), was only visualized up to residue 371, suggesting that the remaining 57 C-terminal tail amino acids were disordered ( Figure 1c ) (13) . In order to determine the exact region of the Kir2 C-terminal segment involved in binding PDZ domains, we have characterized the interactions of Kir2.1 with the PDZ1 and PDZ2 domains of PSD95 by nuclear magnetic resonance (NMR) spectroscopy. We demonstrate that Kir2.1 residues interact with PSD95's PDZ1 and PDZ2 domains more extensively than the last three C-terminal residues, leading to a model for molecular interfaces formed between PDZ domains of PSD95 and Kir2.1, and address the dynamic nature of the unresolved C-terminal tail of Kir2.1.
EXPERIMENTAL PROCEDURES
Molecular Biology. PSD95 PDZ constructs (PSD95 PDZ1,2 ranging for residues 62-249, and PSD95 PDZ2 for residues 157-249) were cloned from rat PSD95 (100% homologous to human in this region) into pHis8 vector, an octahistidinetagged pET21 expression vector (Invitrogen). For Kir2.1 fusion protein constructs (Kir2.1 S and Kir2.1 L ), the cytoplasmic N-terminal and C-terminal domains of mouse Kir2.1 were linked directly in frame by PCR to clone into the pHis8 vector (13, 14) . BL21 (DE3) cells were used to express the proteins. GST was fused directly to the C-terminal tail of Kir2. 1 (354-428) 13 C-labeled samples were obtained by expressing in bacteria grown at 37°C to 0.6 OD in LB media. Cells were spun down, washed with PBS, spun again, and resuspended in minimal media containing appropriate isotope labels (15) . Half an hour after growing at 37°C post media exchange into minimal media, the cells were induced by 0.5 mM IPTG and grown for 3 h at 30°C. Nonlabeled proteins for NMR were expressed in cells grown in TB at 37°C to 0.6 OD optical density (A 600 ) and induced with 0.5 mM IPTG for 3 h. For protein purification, cells were lysed in 0.5 M NaCl, 5 mM Tris-HCl, pH 8.5, 10% glycerol, 7 mM -mercaptoethanol (lysis buffer), and 1 mg of lysozyme per 100 mL of lysate. The supernatant from the 96,000 g centrifugation of the cell lysate was loaded on a nickel-affinity column (Qiagen) and eluted with 200 mM imidazole. Thrombincleaved protein samples were separated by S200 and S75 Sepharose chromatography, and concentrated to 10 mg mL
for Kir2.1 L . For GST fused proteins, bacteria were grown to 0.6 OD, induced with 400 µM IPTG at 28°C for 3 h, and purified using standard techniques for GST-tagged and octahistidine-tagged proteins (16) . Kir2.1 L tail peptide was generated using solid-phase synthesis, Fmoc cleavage/ deprotection, and purification using a C8 reverse phase, and confirmed with MALDI TOF mass-spectroscopy.
NMR In Vitro Binding Assay. Far Western in vitro binding assays were used to assess binding of Kir2.1 C-terminal tails to PSD95 PDZ1,2 (24) . Briefly, GST-fused proteins (1 µg) were separated by SDS-PAGE, transferred to nitrocellulose, and then stained with Ponceau-S (Sigma) to visualize transferred proteins. Blots were placed in blocking buffer containing 2.5% BSA in TBST (25 mM Tris pH 7.4, 150 mM NaCl, 2 mM KCl, 0.05% Tween-20) and incubated overnight at 4°C . Fusion protein probe (100 or 250 nM for H8-PSD95 PDZ1,2) was added to blocking buffer and incubated for 1 h on a shaker at room temperature. To detect bound protein, Western immunobloting was carried out with anti-HisProbe HRP conjugated (Pierce; 1:2500 dilution) antibodies in TBST-0.05% Tween-20. Blots were washed, incubated with SuperSignal ECL reagents (PIERCE), and exposed to BioMax XAR film (Kodak) for a range of times (0.1-5 min). Blots were quantified by measuring the OD of anti-H8 band and normalizing by the OD of the Ponceau-S band, which adjusted differences in transfer and estimation of total protein. Three experiments were pooled by determining the change in OD for mutants relative to that for GST-Kir2.1-ct and averaging together (mean ( SEM).
PSD95 PDZ2 Homology Model. A homology model of PSD95 PDZ2 with a seven-residue Kir2.1 C-terminal peptide was generated based on experimentally guided placement of the peptide as well as global model energy minimization. Using Modeller v8, we used the X-ray structure of rat PDZ95 PDZ3 domain/cript peptide complex as a template to model PSD95 PDZ2 and the corresponding residues Glu 425, Ser 426, Glu 427, and Ile 428 of Kir2. (Figure 2a ). This matched exactly with the number of glycines present in the tail of Kir2.1 L . Furthermore, we performed the same experiment on the Kir2.1 S (residues 1-64 fused to 189-371) which lacks the C-terminal tail residues of interest. Indeed, the observed cross-peaks in the TROSY spectrum of 15 side chain identity, we assigned 44 distinct peaks of the 51 possible residues in the tail, resulting in 86% coverage of the possible N-H moieties. (Figure 2a) (20, 22 
13
C R chemical shift analysis shows on average low divergence from the values of a random coil indicating a lack of secondary structure for this region (Figure 2b) . Only, the C-terminal residue (I428) had a positive shift, which is attributed to the influence of the additional carboxyl group of the C-terminus. Two other residues, Phe 375 and Tyr 376, showed small shift deviation, but again no substantial and sustained positive (R helical) or negative ( sheet) deviations could be observed from neighboring residues (Figure 2b) .
In order to confirm the flexibility and lack of secondary structure; we conducted a steady state 15 N{ 1 H}-NOEs experiment to measure the effective rotational correlation transfer of individual N-H vectors. Positive values, which correspond to a τ c > 1 ns, would have indicated structured regions, whereas negative values correspond to a τ c < 1 ns and are indicative of high flexibility (32) . Figure 2c summarizes that the residues were either negligibly positive or substantially negative, confirming that the tail region of the Kir2.1 channel is inherently flexible and does not possess any secondary structure. H]-TROSY signal quenched due to the reduction of their flexibility and possibly shifted due to a change of the electronic environment. In conjunction, the bound state of tail residues involved with binding the PDZ may not be visible as a result of the larger complex size of the Kir2.1 L /PDZ complex, 156 kDa, or if exchange between the bound and free states is slow or immediate (25) .
PSD95 PDZ-Binding
Upon addition of the PSD95 PDZ1,2 to 15 N-labeled Kir2.1 L in molar ratios ranging from 1:64 to 1:1, we find that more than the last three amino acid PDZ motif show binding based on the quenched signals. More specifically, residues Leu 419, Arg 423, Arg 424, Glu 425, Glu 427, and Ile 428 show significant binding as their signal was quenched between 88% and 100% ( Figure 3 ). Interspersed among these highly quenched residues are Arg 420 and Ser 426, which exhibit quenching greater than 60%. The apparent reduction of quenching in these two residues is due to their [ By plotting the degree of quenching observed for the 12 amino acid region at varying substoichiometric concentrations of PSD95 PDZ1,2 and PSD95 PDZ2, we observe that the PDZ domain's interaction with the tails of the Kir2.1 L follows a typical binding curve. Consequentially, we used I428's quenching as the basis to estimate apparent K d with respect to PSD95 PDZ1,2 and PSD95 PDZ2 (Figure 3b) . The identification of a K d in slowly exchanging macromolecular complexes by measuring the quenching of NMR signals must be made with caution, since line broadening might appear due to the possible chemical shift and relaxation differences between bound and unbound state (25) . However, under the assumption that during the polarization transfers of the [ 15 N, 1 H]-TROSY experiment no or only little signal is lost due to these additional variable relaxation mechanisms, a reasonable K d can be estimated by the decay of the volume of the cross-peaks versus varying substoichiometric concentrations. This assumption is justified in the system studied, since a 1 H line broadening analysis suggests signal loss during the polarization transfer of less than 15% (data not shown). Based on this reasoning, our observations indicate that the (apparent) K d for the PSD95 PDZ1,2 is 5.7 µM and is approximately half that of PSD95 PDZ2, indicating that its tighter interaction may arise from the additional PDZ1 domain. These estimates of K d are approximations of binding affinity because the significant fraction of 0.25 mM Kir2.1 L used in the experiment does not contribute to the signal and acts as the binding counterpart of PDZ. The reason can be biochemical, for instance, the tail being unavailable due to its buried location or the protein being mildly aggregated. Nevertheless, the ∼50% signal being quenched by the PDZ domains at the estimated K d values indicates that these K d estimates are reasonable approximations. More importantly, the K d difference between PDZ1,2 and PDZ2 is less dependent on this unknown factor and thus reliable. This can be seen when plotted on a log graph as a clear shift to the right such that PSD95 PDZ1,2 binds approximately 2-fold more tightly than PSD95 PDZ2 (Figure 3b) . Figure 3c summarizes percent change of peak intensities in [ 15 N,
1 H]-TROSY spectra per residue between the PSD95 PDZ1,2-bound and PSD95 PDZ1,2-unbound Kir2.1 L .
In Vitro Binding Assay. We used an in vitro overlay binding assay to characterize further the nature of the flexible tail and the effect of shortening the tail between the RB helix (C-terminus of the tetrameric assembly core) and the C-terminal PDZ-binding motif (SEI 428 ) of Kir2.1 ( Figure 4a ). As expected, the C-terminal tail of Kir2.1 (P354-I428) by itself exhibits strong binding to PSD95 PDZ1,2 by this method, in contrast to GST alone (Figure 4b ). Deleting the last three amino acids of the PDZ binding motif (∆C) eliminated the binding to 100 nM PSD95 PDZ1,2. We then studied the effect of internal deletions ranging from 10 to 30 amino acids, in GST-Kir2.1ct. Kir2.1 deletion mutants ∆384-413, ∆394-413, and ∆404-413 all exhibited similar or stronger binding than intact C-terminal tail (Figure 4b) . In contrast, a deletion of 11 amino acids just before the ESEI sequence, ∆414-424, reduced the binding to background levels (Figure 4b,c) . A higher concentration of probe (250 nM) and longer exposure to film (5 min) did not reveal a detectable amount of H8-PSD95 PDZ1,2 protein bound to either GST-Kir2.1∆C or GST-Kir2.1∆414-424 (not shown). We cannot rule out that these deletion mutants retain some very low affinity PDZ binding, but it is nevertheless considerably less than wild-type or other deletion mutants. Interestingly, the construct with the shortest tail appeared to bind better than wild-type. These findings support the conclusion that the region of 417-428 identified by NMR analysis is also essential for PDZ binding of Kir2.1. Furthermore, data show that the length of the peptide chain between the RB helix and the 12-residue PDZ binding motif does not appear to have a significant role in determining PDZ binding.
Kir2.1 L 414-428 Peptide Binding to PSD95 PDZ2. Based on the NMR experiments and in vitro binding assay performed on the cytoplasmic domains of Kir2.1, we used a C-terminal 15 residue synthetic peptide composed of Kir2.1 residues 414-428 to probe against one of the single PDZ domains to gain a greater understanding of specific amino acid interactions between the expanded PDZ motif and a PDZ domain. As PSD95 PDZ2's assignment was readily available and was already subcloned into a his-tag construct, we chose to utilize PSD95 PDZ2 for this study (26) . By labeling PSD95 PDZ2 with 15 N while titrating the unlabeled peptide, we followed peak shifts and intensities to identify residues of PSD95 PDZ2 that were affected by peptide binding ( Figure 5 ). As expected, the bulk of residues that were affected by binding the 15-residue peptide are clustered near the binding site previously identified by the 4-residue cripto peptide. However, Asp 222, Met 224, Glu 226, Tyr 190, and Thr 192 of PSD95 PDZ2 also showed significant shift and signal loss, which were not identified previously. Based on these peak permutations, Kir2.1 L residues implicated in binding PDZ domains and the previous structure of PDZ3 bound to a small peptide from the protein cripto, we qualitatively outlined putative PSD95 PDZ2 interaction site with Kir2.1 tail (9) (Figure 5b) .
DISCUSSION
Flexible Kir2.1 C-Terminal Tail. Utilizing two different analyses with NMR, we determined that the C-terminal tail lacks secondary structure, similar to that of a random coil. The finding that a flexible region of a channel is immobilized upon binding is not uncommon. For example, the voltage gated potassium (Kv) channel has a naturally occurring flexible N-terminal domain that produces rapid channel inactivation by inserting into the channel pore (27) . Lack of structure in the C-terminal chain of Kir2.1 channels does allow for easy access to an endoplasmic reticulum (ER) export signal located at the beginning of the chain (28) . The flexibility of the chain and the number of residues between the ER export tag and the three C-terminal amino acids in the PDZ motif also raise the possibility that this region plays additional important functions. Generally, the backbone length of one C R to the next is 3.5 Å, yielding a Kir2.1 channel tail of ∼57 residues that could elongate up to ∼199 Å. Although an estimate, the length of the tail combined with the 48 Å of the cytoplasmic domains of Kir2.1 is more than sufficient to span the distance observed by cryo EM studies, 120 Å, between the membrane and PSD95 scaffold of other PSD95 binding membrane proteins (28) . With approximately 127 Å to spare, the additional length of the tail leaves room for flexibility in order for cells to endure mechanical stresses and an extended PDZ recognition site of 12 residues (42 Å).
PDZ Recognition and Binding Region. Recent studies of other proteins with PDZ binding motifs have illustrated that residues outside the established three amino acid motif can directly interact with PDZ domains up to the -7′ tail position (12, 29, 30) . However, we observe that the interaction is more extensive in the Kir2.1 L tail as it interacts with PDZ domains through a 12 amino acid segment. This is in line with results from a previous yeast two-hybrid truncation experiment, where loss of a 13 residue segment directly before the three residue PDZ binding motif abolished PDZ binding capability from the tail (5). Others have suggested that a second class II PDZ binding motif may exist in the tail of Kir2.3, which is homologous to ENGV in Kir2.1 channels (5). Although the glutamate of this sequence was not assigned during this study, the remaining three residues underwent no quenching in the presence of either the PSD95 PDZ2 or PSD95 PDZ1,2 proteins (Figure 3c ). Furthermore, deleting this region of the chain did not eliminate binding to the PDZ domain.
The involvement of residues beyond the last three residues allows for encoding specificity determinants of PDZ domains more extensively. The homology model of PSD95 PDZ2 with the 7 C-terminal peptide of Kir2.1 allows us to speculate on the interaction of the extended region. For instance, Arg423 and Arg424 potentially form favorable bonds with Glu 226 and Asp 222 respectively (Figure 5c ). This electrostatic interaction is homologous to that observed in Gee et al. where a negative charge in RB helix of PDZ domains interacts with a positively charged amino acid at the "-4" position (29) . These two potential salt bridges formed by Arg 423 and Arg 424 of Kir2.1 channels could provide additional binding stability and explain preference of Kir2.1 and Kir2.3 channels binding PDZ1 and PDZ2 domains of PSD95 over the PDZ3 domains. In contrast to the PDZ2's structurally positioned negatively charged residues, Asp 222 and Glu 226, PDZ3 has two polar residues, asparagine and glutamine. As for the affinity differences within the Kir2 channel family (Kir2.1-Kir2.4), the last six tail residues are highly homologous (RRES(E/A)I). There- fore, we suggest that the region between residues 417 and 422 plays an additional role by encoding PDZ-binding specificity among related Kir2 channels. This region is extremely diverse in composition. For example, Leu 422 of Kir2.1 is tyrosine in Kir2.2. In the model, Leu 422 appears to fit fairly well into a hydrophobic pocket formed by PSD95 PDZ2's Tyr 190, but not the tyrosine of the Kir2.2 ( Figure  5b ). Furthermore, both Kir2.3 and Kir2.1 contain a proline at the -13 position, which is a valine in Kir2.2. Since this Pro 416 lacks an NMR signal for lack of its amide proton, its interaction with Kir cannot be measured by our experiment. Nevertheless, its neighboring residue, Leu 417, undergoes 80% quenching upon binding to PDZ domains and thus it is an excellent candidate to play a role in generating a hydrophobic pocket and possibly differentiating binding between PSD95 and SAP97 motifs. These speculations based on the model await experimental verification.
Enhanced Apparent Affinity between Kir2.1 L and PSD95 PDZ1,2. The difference in binding affinities between the Kir2.1 L /PSD95 PDZ2 and tail peptide/PSD95 PDZ2 suggests that the interaction between Kir2.1 and PSD95 in cell membrane is enhanced because of the spatial restriction of the four tails. Whereas the last residue in Kir2.1 L , Ile 428, has an apparent affinity for PSD95 PDZ2 of 10.7 µM, PSD95 PDZ2 residues do not show comparable affinity even in the presence of the tail peptide at a concentration of nearly full binding. There are other factors to consider. Even though the K d of PSD95 PDZ2 to a single tail is weaker than the apparent K d , the local concentration of four tails created by the tetramerization of the channel can contribute to tight interaction. Furthermore, the apparently higher affinity of PSD95 PDZ1,2 (5.7 µM) suggests that the tails may interact with both PDZ domains of PSD95 within or across the protein chain so that such interactions of the multiple tails to multiple PDZ domains coupled through the markedly extended PDZ binding region will contribute to forming the tight and selective interactions required for channel clustering.
